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SECTION I

INTRODUCTION

K\1.1 PROBLED DEFINITION

Effect of low speed impact damage on composite materials is a new an(.

potentially significant design condition [or high performance systems. In

metallic structure, damage due to tool drop, small rock impact and hail (while

on the ground) did not constitute a damage of major concern. However, com-

posites generally exhibit little inelastic ductility, are sensitive to second-

ary stresses, and are susceptible to splitting and delamination with cracks

often proparating in the fiber direction through debonding. Upon failure,

energy absorption is low. Due to these fracture characteristics and the low

strain to failure, composite materials generallv exhibit lower impact resis-

tance than the metals typically used for aircraft conskr,ict ion.

Fnvironental exposure may aggravate the deleterious effects of impact damage.

It is well known that the mechanical properties of , polymeric matrix are

susceptible to environrental degradation. !'atrix crackilp resulting from

impact, loading or thermal cycling may provide pathways for moisture 'hich can

enter by laminar flow much more rapidl' than by diffusion upon subsequcnt

exposure to high humidity environment. Detrimental effects may also be ex-

pected because the internal tensile stress in the matrix increases with de-

creasing temperature, promoting crazing and the formation of ilicrovoids. .

Furthermore, the cubical coefficient of expansion of epoxy polvmers is

-6 o -I -
approximately 1.5 x 10 C and that ot ice avpro:-Imately 112 x 10-

0C I down t-- -54 C (-65°F); tIus, ice formation in the matrix cracks may pro-

mote crazing and crack growth on cool-down to this temoerature. The possible

degradation of compressive strength due to temperature and moisture has thus

been one of the major concerns in the anplication of advanced (omoos it.c

systems to aircraft structure. The possibility of interactions betweell impact

1-1
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damage and environmental factors resulting in an amp] i fied loss in compr..;s iv.

strength is recognized as requiring invest igation.

1.2 OBJECTIVE

The objective of this program was to provide an experimental evaluation ol

the possible interaction effects of environmental factors (specificallv

moisture anc low temperature) with low velocity impact damage on the subseuuent

performance of a representative graphite/epoxy laminate under compressive load.

1.3 PROGRAM SUMMARY

1.3.1 Nature of the Impact Damage

The type of impact damage to be investigated in this program is that which is

produced by low speed impact of a blunt object, such as an accidentally dropped

hand tool. Specifically, the damage condition selected for studv was defined

as the onset of visible cracking of approximately 1 to l-2 inch diameter on

one face, which would allow direct entrance of moisture into the laminate

interior.

A preliminary experimental investigation of impact effects was conducted as

an initial part of the program, in order to develop the technique which would

produce the desired type and amount of damage consistently on replicate speci-

mens. These results are presented in Section 4.1.

Impact damage was monitored throughout the program with Holosonic Sy'stem 400

equipment, an ultrasonic inspection system providing B and C-scan data, mey-orv

stora.<e and an oscilloscope display that was photographed for permanent record.

1.3.2 Evaluation of Effects

Evaluation of residual compressive strength was made bv means of a plate-

column test, using a compression test fixture which provided the spe'cimen

with simple transverse (pin) supports at uniformly spaced intervals. This

type of test produces a column instability failure mode which can be c onpor,,d

1-2
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to tI h.comprCSS ionl t a ii rC eXpe Cted inl iC tnal st muct nra app] i cat ions. III

addi tion, oiie specimen of each of t he twelvec di Ftent tet- . cond it ioii> i,%as

sectioned for photomli C rot'rapli iC anal> S is (01 t1 hedn c 1ns Y impar);t aur11

environmental exposure.

1 .3. 3 PrL nam 'ccpc

The scope oft the inv.est i gat ion was I imi te~d to olu ](eVe, I inl each of t ii. pos- s b ik

variables, as follows:

Material : AS/3501-6 gIraphite-epoxy,

Laminate: 1 6 -plY (+45/0/-45/0/+4'5/0/-4.5/90))s

Impact damage : Onset oft vi sibl1e cracking onl on fact , app rox im;itt-lv

Ito 1.5 inch diameter.

Moistutre rondi t oning!: Exposure to 90? RH1 at I 60 oF tint il Pain of 1 .0. h':

Low t tmPp. exp)osure : One-halif hou r at -67 0 F , rt turn t o ambient , hold lor

One hour.

Moist. .- te'mp. cvcl ing: Ten c\,cLL- 01 OFne houkr at 9??2 RH and 1 60')F ail t(ruanAtc

withI one-ha if hour at -65 0F.

Specimen con figurat ion : 3 x 1-1 inches Wi th t abbtd endOs

Residual compr . strength: Specimen p in-supporte] at 0. /8-inch spa)cj ori t o

obtainl 11 bays. ech free to buckle ti. as a t.

columin.

The ma in program of experiments Ut iiZeO t hret gop Ot2i ~ i sa.

The first group was used to invest igate the ci It'c of impa'ct dhIiniig(' 01on ::

p rtss i e -St reugt h evalunat ed withi and wit bOutsusq t pour*t o istH

low temperattire , and moisture-temperature cvcling. The sC(ond grIoulp oM

SpC Mc ImeS were moi sture conditioned prior to the impact 0 aiage , and thk til r

group was exposed to low temperature prior to impact . A total of tWtlv.'

difUfe rent combimat ions and sentienceS sOf damage anti Cxposn re wa15 i nvc s t i ci t cd.
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SECTION 2

TEST SPECIMENS

2.1 NATER I A-

AS/3501-6 graphite/epox' prupreg tape was procured from I1ercules, Inc. , Y gna,

Utah, Lot 1363, in November, 1979. The Hercules qualitv assurance data which

accompanied this shipment are included in the Appendix, Table A-1. Upon

receipt, acceptance tests were performed by the Lockheed-California Company

QA Lab in accordance with established specifications for 350 0-F curing ei)oxy-

impregnated graphite fiber tape. Conformance to industry-recognized

specifications was confirmed. The results of these tests are

summarized in the Appendix, Table A-2.

2.2 Panel Fabrication and Process Verification

Two 36 x 34-inch panels, identified 1X01618 and IX01674, and thre 36 x 4b-inch

panels, identified 1X01619, 1X01620 and JXC01621, of 16-ply 1aninate with

stacking sequence (+45/0/-45/0/+45/0/-45/94) WLtr fahricatcd ol the AS/35(1-6

prepreg to furnish stock from which the test specimens wer< c(t. 1leu)anel

identification is an autoclave number which codes th, :'u.ti ritll 11i ti l l*2

records. Autoclave curi g fol owed spec if i cat ions i r'm rir Ti ;i h 1,, A- i

the Appendix. The pane Ls were inspected u I t rason i cal 1ly i 1 - ;- m ,cd , ind

no indications of internal flaws were found.

Analvsis for fiber and resin content by weight was nerforr-ed on sanmpI is u,

approximately one gram taken from the interior region (f each panel, us in,

techninues which (except for the larger sampi le size) were in accord anct, with

ANST/ASTM D 792-66, Procedure A-i, for specific gravit, dleterminat ion, and

ANSI/ASTM D 3171-73, Procedure A, for fiber content. Fibt.r volume fract ion

and void content were calculated from these data using nominal values for the'
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spe ci t i e g ra i it \, o I thle f i ber and t Ihe( r(-- in I ; i ii t ip I d h% t Ie it -minI actii c, r

Th,- resul ts , i nd icat ing t- ihtir vo mineI' rict o n be-tweekn lB anid ()I jiorcit

ark, I1111 sm zr i /Ad i n Tab I)Ic 2-I1

F ive replIlicat L .25 x .65-inct hor-~a-l<rn .,e i da

orientatioln I roni tik interior rkigio o~l 0 each ':tl, 1. 1I - :~ ! in

accordan1CC wi tit ASTM 1) 23!44, ex e t or t lit s; - - .i - - !, t .

h icknk.ss of the n- p 1 1 inateL . kte I I I t oI t .J , t . It t Iil t I inl

Tab IL 2 -_,.

2.3 TESTSPECIMEN DETAILS

Pr ior to cut t ing spc imenus f rom a p)anelI, a t r ip I. -inch, 'i 4I was. rmo~vtd

f rom all f our edge.s and dIiscaIrded , i n ord,- r t o av o id vai a t i )ns I i th i cklte-,s

and dens ity wiich so0me t iM msOccur in the-se re g ions . Tre l'' I 1 4 -in)1 chspe-Ci -

men blanks were the-n cot and spe)c inkens were fabriC I atd and ipetdaccording,

to tble spec i f i cat iOnIS o I F i go re 2- 1

Twen t- Furspec imenIs obt a ined f rom p)anel I X0 I 6 18 We-re used ex c I us i ve I Y for

the prelIiminarv impact damage study,. Four of these (identi f ied in Section I.1

d i f f ered f rom F igoru 2-I1 inI that the l ong axi s was orie n ted 90 0 to the laminate

aIN is . The 36 x 48-i ich panel-s were f irs t ent inoto tbhree Snhpan Is each,

uden ti f ied A, B, and C, and each s nbpane I then en t in to ten 3 x 1 4-inch spLci1 e

h I ank s having tihe 14-inch dlimens ion parallel to the laminate axis . The spt-

c inens were individual lv identit fied by the last two digi ts of the panel anito-

0I aweL number, the subip anel 1e tte r and the seq uen cu of removal . A random i za t o (n

p rocedure based on a computer-generated sequence was then use-d to assign the

specimens to speci fic use in the program. In an early state of tile expeLri-

mental work, it was decided to revise the geomet ry of the residual coluimn

strengpth test, for reasons explained in Section 4.2. This deCi siOn re'sll te-d

in fabriceating additional specimens to replace those which bad beenl teSteCd

using the longer column support length. For this purpose, twenty new sp-c i-

mens were cut from Panel 1X01674. These could TI0 longer he d istribotted aiolig

thli various tasks of the program, but were assigned by a rand~ol se I 'c i on

process to the three test condit ions which were to be repeated Iis ino thtc I i na I

col umn support Ilengthl used on the rema inde r of the prog'ram.

2-2.
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2.50o.oo0.05 THICKNESr

14. REF
/ 4// MEASURE

WIDTH (4 PLACES)

900 + /20 MEASURE THICKNESS

0.25±.05 SPLACES

+ + + + -I
+000

00. 3.00-0-02

+ + 1++

1.50- 2.00 -- 2.00 2.00-. -- 1.5o-

05 . 0 .0 5 _..0,5

0,50 .0.50

8 SPECIINNS TO BE FIAT or T1X ENTIRE 14.o NCH LGHi WITHIN C-.01 llC:-iS.

TAB EDGES TO BE PARALLEL TO SIDES OF SPFCIMJEr ;IT:11 *.02 In;C1-S. ,;....M.G
NOT TO EXCEED 0.15.

6 TIE TAB AND SPECfI; BONDING .0SJ..CES TC BE THCPOUGIiLY SOLVENT CLE.:,D TD .
METlrrYL-ETYL-KETONE PRIOR TO BONDUinG. A 35C0Of CU:lzTG ADHFSrmE IS TO 3E USED
AND MUST COVER ENTIRE SLEACE UrIFORMLY.

< MACHINED SURFACES TO BE PR1S 50 OR BETTER. NO EDGE DAMAGE OR FIBER SEFARATI'X
SHOULD BE VISIBLE.

4 MEASURE SPECIMEN WID-H 4 PLAC.ES. WIDTH fJST NOT VARY BY MORE THAN O.c(04 mc S 's

3 MISMATCH OF 'TABS FROM SIDE TO SIDE NOT TO EXCEED 0.01 INCHES.

2 TABS TO 2E CUT FROM A 6 FLY IAMIINATE FABRICATE= FROM PREPREG OF 1581 "AASS
FABRIC IN A 350-F C TJING EPOX!Z. T'TB PLUS ADhES7JE THICKNESS MUST NOT VARY
SIDE TO SIDE OR END TO EMD 3Y MORE T.HAN 0.01 :2'CH AS *2'rASLUED 8 P!AaS.

SPECIMEN THICIGESS TO BE WITHIN ±O.0CO ImCFES OF THE AklRAGE OF 8 THlC2,'ESS
MASUR EENIIS.

Figure 2-1: Specimen Configuration
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TABLE 2-1

FIBER AND VOID CONTENT OF PANEl. MATERIAL

Resin Fiber Cal cul1 ated
Average Content Content Void

Panel De nsity Density By Weight By, Volumv* Content*
[ I)_ . gp./m 1__ g,"m/._ mj__ ______

1X01618 1.587
1.586 1.586 34.0 58.4 1.2

IX01619 1.584
1.574 1.579 33.4 58.6 - .4
1 .581

IX01620 1.587
1.582 1.582 32.8 59.2 - .3
1 .577

1X01621 1.593
1.587 1.590 31.3 60.9 - .3
1.591

1XO1674 1.604
1.590 1.598 31.9 60.5 0.5
1. 599

*Fiber volume and void content calculations based on nominal values of density

of 1.796 gm/ml for fiber and 1.262 gm/mI for resin, as stated by manufacturer.

Normal variations from these values freauently result in negative values for

calculated void content.
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TABLE 2-2

SHORT BEAM SHEAR TEST RESULTS

Fai lure SBS

Pane" Width Thickness Load St rv..

11) in. In. ls. 1)5 i.

IX01618
1 . 250 .094 323 10300
2 .248 .094 328 10600

3 .246 .093 282 9200

4 .249 .093 343 l110()

5 .249 .093 324 10400
10300 +500

IX01619
1 .250 .097 339 10500

2 .249 .096 341 10700

3 .249 .096 395 12400

4 .249 .097 337 10400

5 .250 .096 352 11000
11000 +500

IX01620
1 .249 .093 370 12000

2 .251 .093 399 12800

3 .250 .093 343 11000

4 .249 .093 392 12700

5 .252 .093 333 10700
S1800 +700

IX01621
1 .251 .092 316 10300

2 .252 .093 291 9300

3 .251 .092 338 11000

4 .251 .091 311 10200

5 .250 .092 303 9900
f100) +40w

1X01674
1 .243 .089 259 8980

2 .242 .089 281 9760

3 .244 .089 265 q150

4 .234 .090 269 9601)

5 .235 .089 273 9790
9460 +250

Stmmation-l indicatc mean + probable error.

2-5
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SECT ION 3

EXDERIMENTAi. ETFOI)S

3. 1 IMPACT LOAD I NG

Impact damag:, was produced bv the impact of a st &e l mass Orop'.d trov a drop

tower. The drop tower consisted of a teflon guide tube motnted in a support

frame. Tht, drop height was adiustable and pre.Set by a pin (,xt endin throuigh

the teflon guide tubc. Available impactors included a series 1o one-inch

diameter steel cylinders providing a selection as to mass and diamettr d

impactor head. All impacts were conducted at room temperatirt, it) n a;h ent

laboratory air environment. The snecimen sunport, which rested on a flat

concrete t oor, was posit ioned to obt ain impact at the int.r,, (t io (I thlt

specimren center lines. The impact tower and the impactur art ,Shown in

Figure 3-1, and the specimen sunport is detailed in ignre 1-2.

3.2 INSTRUMENTATION AND DATA ACQUISITION

3.2.1 Hi~hSpeed Photo ra hy

A 16-mm high-speed camera operating at 400 frames per second was used t,, rt ,,

motion of the impactor and the specimen surfa'c just prior to, d lr in , '11.'!

subsequent to the impact. Optical timing pul s--; at a prvcisc i r'tirq i ,e ,I

100 per second were simultaneously recorded on the margin oI tit I ilm. 1I,

photographic records of impactor motion wer, analyzed to obt ain impactor

positions (d) above the impact point at tim intervals (At) bi.tore, and iit,.v,

the impact. Impact velocity and rebound velocitV were then call cli at ed bv till

relation
vo  IL + -- A

At 2

where g = 32.2 fps. This method provides accurate values sinc it mini-i.

any disturbing effects dute to variations In relvase, and frictiii oi t ,,

3-:
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tube. A sequence of photographs taken during a representative imeact test

showing the motion of the impactor and the specimen is presented in Figure 3-3.

3.2.2 Ultrasonic Evaluation of Damage

The extent of the impact damage produced in each specimen was determined by

ultrasonic inspection. For this purpose ultrasonic imaging eCLuipment purchased

commercially as the Holscan System 400, Holosonics Company, San Rafael,

California, was used. This equipment provided the capabilities of real-time

ultrasonics inspection involving B-scan, C-scan, and three dimensional displays.

The ba;sic system used in this program also incorporated the following capa-

bilities:

a. The "flex arm" manual mount for the transducer was replaced with a power

drivea scanner mount with digital scanner controls interfaced with the

Svstem 400 electronics.

b. A digital memory, real time image display, electronic processor, and dual

mode oscilloscope were interfaced with the System 400 electronics to

provide a digital memory storage unit to retain and provide subseouent

display of the data in C-scan and in associated B-scan format, as well as

in 3-T) isometric format.

c. A vertical mounting and coupling system was attached to the transducer/

digital scanner. Inclusion of this system made it possible to scan test

stecimens in a vertical position, thus eliminating the need to imme~rse,

tie specimen in water for extended periods such as occurs during normal

C-scan, the water contact being limited to the water column dirct tlv iii

front of the scanning transducer.

The C-scan was the most useful for del ineating danmapt, si ze. P,,rmaleli rt,-o rd

of the damage were obtained as Polaroid photot .raphs of thi, o. i11os ,, -

display. Represen tative records are presented ill Fi;oture 3-!. 1)ar , 4 1 . 1't"r,-

m,,n ts of t ae maximum damae,,e were made from these photo,raph as iihtwn ii I'i.

3-5. In order to determine the scale of the photo'raphis, a spccial aI-rapi)it,.

epoxy calibration block was machined with two parallel milled -tlts riuin , v. r-

ticallv and two horizti tallv across the block. T'idtli ,a d ila, l' 0t Iof ,, slt , k.,, r,
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t = -0.030 sec. t -0.020 sec. t = -0.010 see.

4P.

t t= 0 t + (123 sc.

Figure 3-3: Selected Frames from High Speed Moioon Pictures Taken

of Impact of Specimen 74-19 from Croup n-1. (Time referenced

approximately to maximum deflection.)
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LX01621C-8, from (p AI 1\()0'lOA-7, from (P A2
1.01 x 1.62 ill. (.98 x 1.60 il.

1X01619A-I, r p A3 1X( 10 IA- - p A!4

0.98 1.74 il.

1 .() 1 ( ' I 1I :.:. " i
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00~ FIBER, LOADING DIRECTION

WIDTH, X

Figure 3-51 Illustration of Methods of Damage Zone Height and

Width Meas;urement
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measured with a too] maker's microscope. The block was tIILnI1 s'MiIt, w ithI ,

Holsc,'n unit, photos were taken of the TV monitor display, and the spa in.-;

measured from the photo to obtain scaling factors as described in Reference .

3.2.3 Strain Gage Instrumentation

A number of specimens were instrumented with electrical resistance toil strain

gages of 0.25-inch gage length mounted on the rear surface directiv opposite

the impact point, to provide dynamic records of the strain parallel to the

laminate axis during impact. A calibration of the measured strain in terms

of the force introduced by the head of the impactor was obtained hY "static"

tests conducted in a universal testing machine at several different crosshead

speed.. The results of these tests, presented in Figure 3-6, indicate a force/

straip relationship of 51000 lb. per unit strain. For the low speed impact

test conditions, static calibration is believed to provide a good approximation

to the force applied up to incipient failure. Once fracture has initiated,

local propagation rates and mechanisms may be expected to differ importantly,

and no correlation between the load-strain relationships as obtained staticall';

and dynamically could be expected. But when fracture occurs, the app] lid

force has approached or reached its peak; static calibration of the strain

gage response therefore provides an approximate measure of the pCak ,or( ( .

In tests in which strain gage datawere obtained, a centralized data acquisi-

tion, recording, and processing system was used which provides a dk,,onmtrat,!

overall accuracy of one percent through null calibration of individual - er

and digitalization of data. A typical strain record obtained in a rir ,.e-

tative impact test is presented in Figure 3-7; here the horizontal scA l is

proportional to time. This record is interpreted as indicating failur(

at a strain of .()123 in/in, which (from the static calibration) co'rc,rlpond

to a force of 560 lb.
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-600. - I 0 125 inl /min

1, -400. __ _ __ __ _

-200.

I. 01V. Ztw. NkvO0. 4'000. 300. 6000t. .000. ;Clow~00 00~

STRAK1I CH4 46

-700. __

L

-400._

-200. _- -

-500.

00..

ST'M 4 4',
# UII 02

Figure 3-6: Static Calibrations of Force Applied By Tipactor Head !in
Terms of Measured Strain on Under-side of Specimen.
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3.3 Mo I STURE Ct)NIIT ION IN G

Specimens which were to he moisture, conditioued were placed in a humiditv

chaner which was itself placed in a I arge thermostaticalIv controllcd )vcn.

The humidity chamber was a closed metal cabinet with an internal water bath

with forced water circulation over large area wicks. Conditions were checked

periodicallv with wet bul b-dry hulb tempe, rature readings, and the environment

confirmed ;as 88-95% relative humidity and 160 + 50 F.

T'St ing act lvi t ics we rL arran-d so that all 42 specimens in the program which

were to be moisture conditioned were placed in the chamber at one time. Addi-

tionally, six weight-gain coupons, each two by three inches in size, take-n

two each from Panels 1X01619, 0X01620, and IX01621, accompanied the specimens.

These were removed brieflY for weighing twice weekly. The moisture content

indicated by the weight gain specimens at the conelusion of the exposure

ranged from 1.29 to 1.75 percent.

Upon removal from the elevated temperature high humidity environment, the

specimens were packaged in sealed poiyethv/lene bags together with moistene d

absorbent paper and held at room temperature, to be removed onlv during

performance of subsequent testing. All tests were completed within 35 days

of the moisture exposure, during which time further moisture diffusion efftcts

at room temperature would be small for intact 16-ply graphite-epoxy laminate.

No assessment was made of the moisture pick-up in the impact-damag,,,d s lint-os

3.4 MOISTURE-TEIPERATURE CYCLING

The moisture-temperature cycling exposure was accomplished by manuallyv trcans-

ferring the specimens between two envi ronmentally-control led chambers accord ing

to an established schedule. The 160 0 F- ?0I nominal RH environment was provided

by the humidity chamber described in Section 3. 3. The -65 0 envi ronment was

obtained with an insulated chamber into which cold nitrogen gas (expanded

from a liquid nitrogen supply) was introduced, the demand being established

by a thermostat control. The low temperature environment was monitored with

thermocouples and held to -65 F + 5°F. Testi ng schedules within the progrinm

were arranged so that all specimens to receive the moist ture-temperatlr( , i.,

3-11
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were subjeeted to the exposure cond it ions s imuItaneously. The cyclic environ-

mental exposure shown in Figure 3-8 consists of:

1 hour in 160° F-9n7 RE environment

30 minutes in -65 environment

These were applied sequentially, the entire ten cycles of exposure requiring

15 hours elapsed time.

3.5 RESIDUAL COLUM STRENCTH TESTING

Compression testing subsequent to impact and/or environmental exposure was

performed using a related set of fixtures which makes it possible to provide

various degrees of column support ranging from elastic long column up to

fully-restrained ("zero-length") column conditions. The specimen supportin ,

fixtures are designed for use with commercially available MTS hydraulically-

actuated grips, which are insta.lled in a standard universal test machine

or a MTS test machine.

Installation of a test specimen in the modified hydraulic test grips is shown

in Figure 3-9. A close-fitting steel shell surrounds each grip, providing a

mount for transverse adjustment screws that prevent destabilizing motion of

the fixture and specimen. The grips are rigidly mounted to the base and test

head of an I-TS 100 kip universal test machine, precise alignment having first

been achieved with the aid of spherically-surfaced seats.

Pinned-end column test conditions are provided by two rigid guides or outer

platens similar in gross form to those of ASTM 695 (Federal Test Standard 406). '

On the inner surfaces of the platens are a set of pin-locating platens as

shown in Figure 3-10. Five different sets of platens are available. These

provide pinned-end test lengths of L'=2.38, 1.57, 1.17, 0.78, 0.58 inches obtained

with 3, 5, 7, 11, and 15 bays respectively. Both the seven bay and the eleven-b%

pin supports were used in this program. Figure 3-1 1 shows the assembly of a

specimen and the L'= 0.78 inch support fixture installed in the test machine.

To confirm the performance of the column test apparatus, a series of tests

have been conducted at various pinned-end lengths on a specimen of 0.33 inch

3-12
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165 OF
90% RH

720 F

0F

OOF

-65 OF

0 30 60 90 120

MINUTES

Figure 3-8: Exposure Cycle for Moisture-Temperature Cycling
Schematic, rise time approximate)
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th ick, 1 .00 inch wide 2024-T3 bare a 1 umin im all oy. Automat icall y rtcordt d

load-def lect ion curves provided values of the crit ical load, whichi, for the

shortest test length, proved to be sudden and to involve pe rmanent del ormation.

The load-deflection data also permitted experimental determinition of the

modulus of elasticity which was used in constructing the comparison of test

data with the Euler relation in Figure 3-12. The regularitv and consistency

of these data provide confidence in this method of plate-column test ing.

Equipment of this type has been used to investigate the effect of environ-

mental exposure on the compression buckling strength of granhite/epoxv

laminate. An example of the type of test results obtained is shown in

Figure 3-13, which is reproduced from Reference 2.

II
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4.1 ~ ~ ~ TES PREIMNA\'I)MIUESIl)

A pry 1imilnar\' eXpe ri1mental i nvtc5t i",;lt i~ onWa mad to) (It til 111 tllsj' 0!

i m ac t l oad ing and damIagr I I aIs SLSnif Lt r,, (I ui r(,( o i.roduo spt c it i c I I

i mpac t damage " imiat ing that Callsed N an1 ;1rCC id(1 -11t I I I V'trevt too 0( A11

vuer fv that this damagte siZL C~enlId hc rkeprodor('d consiI sUciit 1% inl repI I i t t

specimens . Tht. impact damage' ILiVel 01' inlteres.t was, to, he cliaratcri '.t d i

re~presenit ing OhW Onset Of Visib Ic crack ing ovcr an) art<a ippiroxiitce . IT tc

1 .50-inch diamter onl one fa-ce, to allo0W direct' tranceL 0 n'isturt. into, ti,

interior of thle laminatc.

Two tYpes of supports wert, oval iiaLLcd 11) a r i ,J I rame s)upport inop til t'i Ik i-

men along all edgesC' aS a S iMpI v snpporti 1 1 zI at w ith a snppu'rt w idth otIii

along the edges an d I i n ch along the endsk , an1d 2 ) a Coolt i noonsI' support kconI-

Sist ing of a 3/8-inch thick pad of- Nom,-\ lon v comb cor,3 I-ki ,I c' 1 I i"

4 lb ./ft . 3HRH phienol i c paper, arran,((I t o Support tilh 1 nr Ic se lt~ 111)'t W"' 11

end tabs. Resnlts of these preL' ili nar\ tests, airc 1rcscntcd inii lai '- I.

TypIcal C-scans and associated 1-scans of internal dhniiigk- as ,et, ,cd hw% ttw

Hoiscan ultrasonic system arc di spla1 , inl F.igre -'-I xOiu '-' or1 the r-ii

frame andl hone vcomb core S uppor t s, res-pect i vt-]\I

Al though Lithe internal dilaage appe)Laret to) b(e oi ;uhoot tU x' s --A, or it 01 t-c

supported by Nomex honeycomb core or bv tit hrci pid t ac thn 1Nt, 1o1 '11

at thlt rear face was qnite, differenIt . sl i phI hark sorac, 'ii ri" wit h c

or no visible cracking was uisua IIv u'btained xwi t h t he ho T,'sowl >oip'ct I

shown in Figures 4-3 and 14-.4, an (I th11is- con11d i t i on was 11ldd i onl'(1ula t

th lfcIam in ar flIOW t V1 'p0 of mo ist n irc )k piri t rait inI d'>reod i nrh' oa'. ii.

the- frame support, howe-ver, back snrtaredaap i o\'o I POT 'I i 1 c K
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TABL 4-1

PRELIMINARY IMF ACT TRIAL RESIUILTS

NOMINALb
SPECIME:N SUPPORT' ENERGY VISIBLEb DAMAGE S17E FROM
NfIift R TYPE Ft-lbs. DAMAGE HOISCAN C-SCAN

____________ _____________ n.

lXOi618-l FR 4.5 1"t" Single Crack 1.27 x 0.97

-2 FR 5.1 3 parell0l cracks
approx. 3"total Igth. 1.5 x 0.93

-3 FR 5.1 " x 2" Multiple
Cracks 1.5 x 1.12

-4 FR 5.1 " x I" Multiple
Cracks 1.45 x 1.11

-5 FR 4.5 1 " x 1/8" 4 cracks 1.25 X 1.15

-6 FR 4.5 1" X Y" Multiple
Cracks

-7 H/C 4.6 Minor approx. " - 1,38 x 1.28
2 cracks + out of

plane bulge

-8 H/C 4.6 " " " 1.35 x 1.30

-9 H/C 4.6

-10 H/C 5.2 " " " 1.26 x 1.25 t
-11 H/C 5.2 " " 1.32 x 1.35

-12 H/C 5.2 " " " 1.34 x 1.26

-13 H/C 5.6 " 3/4" bulge 1.45 x 1.37
slightly greater
than above

-14 H/C 5.6 4" single crack 1.35 x 1.34

-15 H/C 6.0 Approx. 4 cracks
1" total 1.41 x 1.3/.

-16 H/C 6.0 Approx. 4 crack.
" total 1.42 x 1.37

-17 H/C 4.6 Minor visible damage 1.38 x 1.30
approx. I" horizontal
crack & appr"x. 1" alonc
fl;,r
(weight hit twice)

-18 FR 4.0 No vislble dmage Nt Scanned

-19 FR 3.4 No Visible damage Not Scanned

-20 FR 4.5 Approx. I" cracks
along fibcrs onlv .n4 x 1.26

-21
c  

FR 5.6 Slightly more damave

than #24 below 2.48 x 1.62

-22
e  

FR 6.2 Slight ly ,'rc domage
than #24 telw Not Scanned

- 2 3 c FR 5.6 No visible da,,ag, 2. 7 x 1.62

-24
C  

FR 6.7 Minor vi.il, da-ai' 2.55 X 1.2
approx. I." h-rl-o,rttal
crack & aprx, 1"
alu fiter

a - FI lid fra-.. with 1" width Il onp p, c-n edges, I" width at ends, H/ -tu
ho',, c eb -ore

b m -i'..r, mr.urd pia
1
ll,,l prr-ndle-) r ti fiber dIi, tien

c * S - c t f'.,. j.. I 1 tte 1v,.r, lt ,l
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extent Of which could be control It'd h% t inlt Igi )f' tilt droii Apt''u1 ~of typ ical back-surfact damage obt aincd with t Ii. s >i:Iirt i i-ttl >

F igu re 4- 5. the c racAks and sep)a ra t ion hav, -t nk i i gl , I i i it.d 1, c 11e "t I t

t o make t hem mo rk app)a ren11t i n tIei Ilot o g ,raph tLh eV We 'rc, Ii (W('V(- r ,' brI'

v isiLble0 to t)Lhe nak ed evet.

A,, a resut L t tL pf il're I imlinlary experime.ntal i nve-st i gat, jolIt tie to I I oi.119 )n

d i t i oils we re found t o p roduce th1)e t yp e an d amoun t o f dam;)agt dsi rtd anlld wtit

c, stall Ii s hcd t o r the rema i nde r o f the p)rog ram :

111)A Cto0r: S teelI rod 1 .00 i n. d iam. x 12 i n. lon
Spherical nose 1 .00 in. diam.

Mass : 2.62 lb).

HWright of- drop: 28.19 inches

%V,. ci tv at imp~act: 12.2 ft./sec. (nominal)

Energy at impact: 6.15 tt.-lb. (nominal)

Specimenl support: Frame, under side only; 0.',0 in. wi de at longF
edges, 1.00 in. wide at en I bearing, on tabs;.
Central 2.00 x 11.75 inches unsupported.

This provided slightly more back-surface damage than shown in Figure 4-5.

In1ternal] damage consistently approximated that shown in Figpure 3-4.

1 aisOf frictional effects and wi udage , the actnal ye I aitv M thV impact or

was akI a':, -;Illtewh at lower than the nomi nal1 va 1lue caltil ated i row Oti l

ot drop. lIiii ea vahie of the velocity at impact, as m~asticr,,d from iiir

Lpecdt notion picture records taken of each test, was 131 . fps .L vi tl a robI

error o(it +0). 2 fp s . Consecjuen t I tihe cue rgv at impact was, abhout 5 .76 f

with a probable error of +0.20 ft.-lb.

4 .2 MAIN__PR0(;R&M TE-ST PROCEDURES

Thet main program of exposure andi test is oAtl1 mcd In la .. Thet proa rmw

requi red twelve groups of six specimens each, eac-h group I'sub C~tc'd to a d itft r~lut

comb inatinl of i mpac t and exposutre . Five' Of the' s-jlt c i Ins (I- f'W1 Pr~la ill It~o

then test ed in enolimnt compression; the si xtb was sitj I3o(.il Ior wicroy-Il rni

stud. f n add i t i 011 , a (titi r teelnth groupi; of f i Ve spec l wellt 1/fl i hio lid 't 1a
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~PVRO;RAW OUTfLINE

Group Test Conditions Residual Compression Strength Tests

A IMPACT EFFECT AND INfERACTION WITH

MOISTURE AND LOW TEMPERATURE

Al Impact (R.T. - dry) R. T., dry

A2 Impact
1
, moisture condition

2  
R. T., moisture content of 1.0%

A3 Impact
1
, moisture coidition 

2
, low

temperature exposure R. T., moisture content of 1.0%

A4 Impact
1 , 

10 cycles (moisture
condition alternated with low
temperature exposure

4
) R. T., moisture content of 1.0%

B
MOISTURE EFFECT AND INTERACTION WITH

LOW LEVEL IMPACT AND LOW TEMPERATURE

Moisture condition
2  

R.T., moisture content of 1.0%

B2 2 1B3 Moisture condition , impact
I  

R. T., moisutre content of 1.0%

Moisture condition 3impact , low
temperature exposure R. T., moisture content of 1.0%

Moisture condition 
2
, impact

i
, 10

cycles (moisture condition a ternated

with low temperature exposure ) R. T., moisture content of 1.0%

LOW TEMPERATURE EFFECT ANTD INTrERACTION
C

WITH LOW LEVEL IMPACT AND MOISTURE

Low temperature exposure
3  

R. T., dry
Cl Low temperature exposure 

3 
impact

I  
RT. T., dryC2 3 1Low temperature eosure 3 impact I

C3 moisture condition
z  

R. T., moisture content of 1.0'
3 1

Low temperature exposure 
, impact 1

C4 moisture condition, 10 LcI,A
(moisture condition altvrnated with
low temperature exposure)

4  
R. T., moisture content of 1.0%

DI AS FABRICATED R. T., dry

I "C" Scan before and after impact.

2 Moisture Condition - exposure to 160°F and 95% R.H. with gain of 1.0% by weight.

3 Low Temperature Exposure - exposure to -65
0
F for hour.

4 160
0
F, 952 R.H. for 1 hour, cool down to -65

0
F, hold hour, and repeat ten t~mes.

NOTE: Five specimens as above in each group.

All groups except DI also included a sixth specimen for micrographic study.
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subjected to any previous exposure of impact loading was tested in column

compression to establish a baseline value for comparison. A sequence of

testing and exposure was arranged that would perform the program officitentiv

and also in a manner which would minimize between-group variation.,. Fi gore

4-6 is a flow chart which identifies the sequence of operations. The dates

shown inl Figure 4-6 for tests of specimens in groups Al, Cl and C2 are those

for the second, replacement series.

The first tests to be completed in the program were those on the original

specimens comprising groups Al, Cl, and C2, and the residual column stren-','

tests on these specimens were performed with a pinned-end column length of
L'=1.17 inches. This spacing was selected in order that the major portion cf

the typical damaged area would fall between pin-supports. However, for the

laminate under test, tests at this pinned-end length produced elastic columrn

failure. The affect of damage on buckling phenomena is less important in the,

elastic region than it is at higher stresses, and in this case the presence of

damage resulted in only about six percent reduction in average column strength.

In order to obtain a residual strength determination which was more sensitive

to the presence of damage, it was decided to conduct residu;il column strc

tests at a pinned-end length of 0.78-inch instead of 1.17-inches. T 's changed

the mode of celtunn failure from the elastic, intervedl iatc length rev.''- !o the

inelastic, short column length range, and resulted in a substantial increase in

sensitivity to impact damage. All subsequent residual column strength tests

were conducted at L'=0.78-inch.
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Cl, C2, C3, C4 LOW TEMP, EXP, C1
C3, C4 6/4/80
C1, C2 7/25/80

2 , C3, C4 
IMPACT 00 cl_

Al, A2, A3, A4 C3, C4 6/5/80 A1 2_< x~
A2, A3, A4 6/6,10

Al, C2 7/30/8 ""

A4 1A2, A3, C3, C4

MOISTURE COND.
BI• B2, B3, B4 A2, A3 A2, B1, C310,

BI, B2, B3, B4 6/24 -7/16 -
C3, C4 cx:

C4 B2, ,B3, B4 A3 -- >

IMPACT B2 8
B2, B3, B4 7/29

:l

B4 B3 - :)

LOW TEMP. EXP. A3, B3 _

CD~

A3, B3 7/30/80

MOIST.-TEMP. CYCLING A4, B4, C41
A4,B4, C4 8/6/801

D1 D1

SIX SPECIMENS IN EACH GROUP EXCEPT FIVE IN DI

FIGURE 4-6. TEST PROGRAM FLOW CHART
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SECTION 5

TEST RESULTS

5.1 RESULTS OF MECHANICAL TESTS

Test data compiled in the course of the program are presented in Table 5-1.

To facilitate assessment of exposure effects and interaction effects, the

mean values of the test results obtained for each of the different groups are

compared in Table 5-2. These tabulations include the energy deposited in the

specimen at impact (impact energy less rebound energy), the "area" of impact

damage (width times length dimensions shown in C-scan), and residual column

compression strength. A plot of the residual strength data is presented in

Figure 5-1, in a form which permits comparison of the results with different

environmental exposures.

The scatter of individual test data, expressed by the coefficient of variation,

is of the order of five percent. When using only five replicate specimens,

differences between the mean values must be more than twice as large as the

coefficient of variation to be considered significant to a 90 -,ercent confi-

dence level. No differences this large are found between the me; valI .s in

Table 5-2, except when comparing impact-damaged specimens with those not

impactel qt all. The immediate results of the test program, thurelorc, are

that these specific environmenta. exposures and sequences n! exposures have no

significant effect on impact damage or on residual compressive strent!. after

impact. nhis conclusion is graphically evident in Figure '-1. Here it i- seer,

that, for each of the three conditions of exposure prior to impact, the impact

ilamage reduces the residual compressive strength, but environment,1l exns,,,re

Aubsequent to impact causes no further reductic-n.

The data do provide additional indications, however, which maxa e ad to t, a-

tive conclusions.
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5. 1 1 -Effect of- Moistuore Conri t n ,or (In iact Dfl'maj6

Compair i ion of thLt mean val nt'S O t the 1),Lct litrg, aibs orhed jiierIiipit't 1) t ilit

:-pec imenis of di f ft rent groups, Tzii] e 5-2 , ill! (';It t htt IMS i lil - coilti L ioio d

material may be a better ene rgy, absorber than "dry'' or a.-i abri caittd I ;imiinatt

WIh ie this mld iCalt ion dIoes niot necctssar iI Y v resin1 that. rio i stnlr. ond i t ion joig

i lp roVcs thec res i sta In tL to i 1ipsiclk tlda 111;1g, , sutIch I a () I I111 ()1 I I uges t d I

the tLat a d ist rjbiit ions Of F igtire 5-1 alP! -lippo rced hy ti ri ill viiIC0

ces jdna I t-o I Irn lil re 11,,t Ih i n Tab I k 5- 2. Ctlopa r i ;onltI best dat a for gop

AlI , A2 , Al I A,4 , C:2 antI c3 i t hi grotns B2 , U3 aind h-., idcatts IL at when

specOLimens are moisture condit i~lned prior to impact , the rts idna] column st reng:tli

is 6 t0 15 percent higher Lhan when moist ore ('00(1it ionilog is del aved uint il

a te -r i mpact, o r when mo is t oire conli t lon ing iSLI oi t teCd tont i reIv.

Be c auso th1is S md ic at i on i s based onl seve ral d i Fff0er011t se ts o f c ompar ison s

rat her than just one , the stat ist ical sign if icance. is st ronger than suggested

above . An estimate may be made by combining, the comparis-ons after normal izioc,

the data in eachi set with respect to a reference level1 which accoulnts I or

differences between the sets. An anal-'s is of this tVIpe, compoar log rsid

strength of gproups A2, A3 and A4 with B2, 133 and B4, is prtscii ttd in Ta)ble 5-1,

the normal iz ing factor for each set he ing the mean of th lit 1rtenijhsfoth

group-; wh i ch were dry when subject to impact. Thouigh te disitrihot ion of tk-s

dlata mnaY iot be normal and the analysis is only approximate, thc tt1tia

inferen-ce , that moisture improves., thu rsitneto ill~ i *1ro

5. 1 . 2 Effect _of- Low Te mperature Exposuire

The produict: of the damage d imens ions, seen in the C-s'C.l an rcord1pi i t-

mo re convenient and more eons i st tnt measulre Of lot ernal impact kiars,i g tli i

e~ither width or length taken alone. Compari son of the, meains if thlis jrodiit

value For the various, groups, as l isted inl Table 5-2, indicaites no s i,,uif iciit

tilffe rence in the extent of damage as a resu ilt o 1 exposo re7 t o lowt m rao

C~ompar ison of the means of the residual strength dat a of group C:1 wit h 1)1,

C:2 withi Al, C3 with A2 * and C4 with A3 , nd iCateS no0 si i ;iat klifh I cS Ot

in the residuial colulmo strength as, a re~sult of low teirpt-ratuiir xlr exoi pioi

to imipac t
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TABLE 5-3

APPROXIMATE STATISTICAL ANALYSIS FOR EFFECT OF
MOISTURE CONDITIONING ON RESIDUAL STRENGTHI

Normalized Normalized
Normalizing Residual Residual

Basis Group Specimen Strength Group Specimen Strength

XA2 =3 9 .0 A2 19B-10 1.01 B2 19A-7 '.15
19C-9 0.91 19C-10 1.10
20B-4 1.02 20B-9 1.16
21A-3 1.05 21A-2 1.05
21C-1 1.02 21A-7 1.05

X =38.1 A3 19B-9 0.99 B3 19B-4 1.19A3 20C-2 1.02 19B-6 1.12

20C-7 1.03 20C-5 1.18
21B-10 0.93 20A-10 1.08
21C-2 1.03 21B-7 1.18

XA4=40.4  A4 19C-3 0.99 B4 19A-5 1.04
18C-8 .98 19C-4 1.05
20C-4 .98 20B-3 1.05
20C-10 .99 21C-3 1.06
21B-2 1.06 21C-10 1.00

X = 1.000 XB = 1.097

s = 0.045 sB = 0.061

N = 15 N = 15
AB

Analysis (Ref. 3)
Hypothesis: XB - XA; reject if t< tl_.9 q, df

t = (X - XB) / s /(1/N ) + (1/NB) -4.788

A B p AB
2 2 S 2 ]/(

[ [N1 - 1)sA + (N2 -I)s B /(NA + N B -  
= 0.05%

df (NA  NB -2) =28

t0.01,43 = -2.467

Conc: XB. XA; that is, mean residual strength of specimens moisture-

conditioned prior to impact exceeds that of dry stecimens, to

better than 99% confidence level
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5. 1 . 3 Effect of Moi.t ure-Tcnejjrar . vc ing

The question of whether freeze-thaw cvoIing incr,.ased the. inIernal h.' .1io

caused by impact is answered by comparing mean values ,, r,.sidto, 1 ot r, i._to,

(Table 5-2) of groups A3 with A4, B3 with B4, aind C3 wit?, (4. Ii: t , w i : o

cases the mean values of residual strength were hih :r or -,t tire-tv<mnror,

cycled specimens. However, none of the dif(,rences caP ne terme.d signifIant

5.1.4 Maximum Force at Impiact
St rain gage data interpreted by means , t tatic calil ratioii t,, i c .ct I -

at impact were obtained in 18 of the 60 scheduled impact t-,ts. Tb, ,v rac

of thesc indicated a peak force of 639 lb. with a probable error rf + 92 lb.

The scatter of this measurement was much larger than the- variatin in the

test impact velocity and no differences couLd be attributed to envir,,n2 5n2.0

.posure conditions.

5.2 PHOTOMICROGRAPHIC EXA21TNATTONS

The specimens selected for micrographic examination were sectioned trantv,. r-, 1'.

0.25-inch from the impact point, mounted in epoxy to support the darmaged

region, then ground back to the impact station and polished. The two s;)eci-

mens which had been subj ected to environmental cx;n-.osure ()n' ., without im t,

were sectionnd centrally and polished. Photomicro,:raphs ,f thes,, sL,'tins a-t

1OX and at 25X are presented in Figures 5-2 thru 5-13.

A sumnmary of the photomicrographic specimens, the test conditions to wh iich

they, were subjected, and the results of the microcraphic ot rdi s i -L-reCnt

in Table 5-4. These results indicate the followino:

o The impact condition consistently left the impact surf;ace inta3ct In

apparently undamaged, but always resulted in ruptunr o ti'c rear

and fracturing of many of the intermediate plies.

o Ply delamination was found between all plies eXc' pt the first t.

however, it was generally more extensive in the front hailf of theo

l aminate thickness.

o Moisture conditioning prior to impa;ct appa,3r d to r, d , t , . i", t ,I

ply fracture which occurred, and maxv also have r-nl tel in I ,~-, I -

I(111' to) i mp 5t-
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I In two threet '.lSC.sts I trO zt.-t ho.w rc I! lip s ti n t (o ilfllpi(it (I'll,1

ap ptartd t o ha'.w r f(lIttl 7 d I t hdi ,5 or i ons Ijssoc i ;A ci (I, it h t IIi II

Io i I tire . III no C(ISe did it p -r 1 o L)NA 17 noJ dimL to- (I

alho)vt t hat sust a jnd bytiitconiab Ic sitC nw-u W'Ii ji WA.-; JI' I rnti /I

thaw (\'('ltd.

o Whi It' th itSeCt ions- -sttidicd passcd t7 ransvcrscI v t7 hrou ibh tht i!qk- I iy I

ill~o~ Ca rui S IM e , t7ho nx ' u iI tt riiI domago, WaS if tn ,) n)ld Li)o

sOlle 'I'tti Irn tli ott. l lit (-scan dat a to n I sj II i nd i t d

a great tn damagu tsi d t t lion f ound mi croprnphicA70 I v -7 thi ,i it1 L I hia

to th( characterist ital I rregular pl an form of the a~~ac art.

These condiftions redluced thC s I.ISi JneSS Cif the photoicerogrojihs fo r

comparing the r-SIil tLs of d i IFferent eXpOSUre cond i t inns.
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SECTION 6

CONCLUS IONS

With the specimens and test procedures of this program, impact damage alone

caused a reduction in the column compressive strength of twelve to fifteen

percent. No further reduction in residual. column strength was found to re-

sult from environmental exposure in combination with impact. The environ-

mental conditions investigated included moisture conditioning and/or lw

temperature exposure both prior to and subsequent to the impact. In poarti-

cular, moisture-temperature cycling subsequent to impact, which =ight !.ave

been expected to cause additional delamination as a result of repeated

freeze-thaw effects, produced no reduction in residual column strength.

This unexpected result may have been due to a coincidence of test condition-,

which made the residual strength test insensitive to changes in the extvnt

of the delaminated regions. As noted in Section 4, it was necessary to use

a pin-support spacing of 0.78-inch in the column tests in order to obtain

inelastic failures; the longer pinned-end lengths resulted in an elasti,,

Euler-like buckling which showed little reduction in strength: due to damag.'e.

The 0.78-inch spacing, however, was less than the typical dimenLion c tne

delaminated region which therefore extended into adjacent bav.. (onse, nti. t.y

some support may have been provided to the dama,:ed region h'. th pin-supports

of the fixture.

If this relation between damage dimension and support dimension reduced the

importance of delamination, such an effect might also be expected in structiral

applications of this particular laminate, where the pin-support length in the

column test bears a close relationship to whatever type of edge or end support

would be provided in actual structure to achieve the same buckling stress.

6-1
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These results apply to the pertormance of such elements as skin surfacv,., but

not directlv to more stable sections. A stiffener .ection in the shape cf

squarc- tube, for example, depends lor its crippling stren.,,t,: on ti:e i L:t.ri,

of a]l the elements which comprise the section. The effect of dama.oe to ont,

01 thyme el tnents would he magnilied in the comparison of the conpressive

loads carried by the stiffener in damaged and undamaged states.

While environmeLnta] exposure subsequent to impact appeared not to inf-ueoce

csi¢ua. strength in this test orogram, fair]v strong, evidence was found

that moisture conditioninLI, prior to impact actually in.proves tc re is ,,ance.

o: the compusi te laminate to impact dainage and results in hi glc rcs ' o-

s L rn;th.

Photomicrographic studies provided qualitative data wiitlh suo:orted tI.c .U.-

clusioiis drawn from the results Of the mechanico , tcst!o.

0-2
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TABLE A-]
lEEi(LLES INCORPORATED

QAL ITY ASSURANCE LOT DATA REPORT
November 14, 1979

Ckst mer: Lockheed Calitornia

Purchase Order No: AETIB61OX

Matrials: Graphite Fiber/Epuxy Marcrial, 3Ol-6/AS1, 12" prepreg tape.

Sp#c fi ati,;n:.. M.MS 49 Aw.rni *, Type I

'hitant it-': 78.00 lbs.

13' Manuta( 'ired Octoher 18, 1979

S' I N,: (: A

R, n Lot : u7 b,,,u i red by Hi rcules Inc

Fiber Prperties 1 0-1 ,itirai' tured by Hercules Inc.

Tensile Str.,ksi 424
Te:,siic Mod. ,Mi 33.10
Wt . ,Uri t Leng h 43.93
bt n.s i t y , I t)/ i n 0.0649

IL. L'repr,-v, Phvsic l Pr.pertics
;pec Req

Sp, .,a N,). 6
Resin Flow,% 10-25 18.6
V a ti t ,Y. 1.5 max 0.94
Tack Con fo rins Conforms

II. l.atminate Mechanical Properties Spcc Req Panel No. Average/Individual

Spool 6
00 Tensile Sti.,RT,ksi* 200 9280 273/268,296,255

0 Tensile Mod.,RT,msi* 18.0 9280 20.9/20.3,21.7,20.6
0' Elongation,RT, in/in x 103 Record 9280 13.1/13.5,13.4,12.4
Short Beam Shear,RT,kAsi 15.0 9281 19.0/19.1,19.0,18.9
Short Buam Shear,250PF,ksi 9.0 9281 14.4/14.4,14.2,14.4
Short Beam Shtar,25 0° F,ksi 7.5 9281 11.3/11.3,11.5,11.0

(24 hr water boil)
* Normalized to 0.0416 Pdnel Thickness.

IV. Panel Physical Properties
,p c Reg

Spool No./Panel No. 6/9280
Ply Thi(knessiltut 0.0jU'2 + 0.0003 0.0054

V. Individual Spool 'hysica] Properties
Average /Ind iv idua l Average/Individucil

Spec Req -2 + 3 145-155
.esi"k Conteltj1 Fiber Areal Wt. gnr.2

5C 42."7/42.9,43.0,42.3 149/148,150,149
6A 44.1/44.8,43.5,43.9 151/155,151,149

'1'f. A. Rasmussen, Representative
QUALITY ASSURANCE DEPARTMENT

JAR :me
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TABLF A-3

AS/ 3501-6 CURE CYCLE

1. Apply fill vacuum

2. Applv ' + - psi autoclav, prcssnre

3. ilat to "240"F + 1OF ,j 2-4 F/min.

4. "'old at 241)()F for 60 minutes

Raise pressure to 100 psi - Vlt vacuum

tcmpCraturt to 350 (F + 100F 2 2-5F/rn.

7. told t "3()0 )F for 120 minuttes

08. Cool to 20) F in not Iss tha (1 1-iil tt. wit'. :it I- it
ant oclave prossuLrt

9. Post curt for 8 + 1/2 hour at 350"F in ;n air ,i cnlntin'',
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